Nucleotide and amino acid compositions were studied to determine the genomic and structural relationship of photolyase gene in freshwater, marine and hot spring cyanobacteria. Among three habitats, photolyase encoding genes from hot spring cyanobacteria were found to have highest GC content. The genomic GC content was found to influence the codon usage and amino acid variability in photolyases. The third position of codon was found to have more effect on amino acid variability in photolyases than the first and second positions of codon.
Introduction
There are a number of cyanobacterial strains whose genome has been fully sequenced. This availability of cyanobacterial genomic information has given a way to study the variability in nucleotides and corresponding amino acid codons of genes. It is well known that individual genes and the entire genome of an organism can vary significantly in nucleotide composition (Bernardi and Bernardi 1986; Muto and Osawa 1987) . Genome of some organisms is disproportionately rich in guanine and cytosine (GC), while others have adenine and thymine (AT) rich genome. The variation in nucleotide composition is mostly found in the synonymous codon positions of genes and because of these variations, DNA content may have little effect on the amino acid content of the encoded proteins (Loomis and Smith 1990; Lockhart et al. 1992) .
Generally, overall GC content ranges from 25 to 75% of the genome, however, GC content of genes may vary from 7 to 95% (Lobry and Sueoka 2002 ). In prokaryotic system, it & Rajeshwar P. Sinha r.p.sinha@gmx.net; rpsinhabhu@gmail.com has been found that amino acid composition has a high correlation with the G ? C composition (Sueoka 1961 ). In bacterial system, G ? C variability results in variation in amino acid composition through codon redundancy, which is highest on third nucleotide of codon in contrast to the first and the second nucleotide position (D'Onofrio et al. 1991; Wada 1992; de Miranda et al. 2000; Singer and Hickey 2000; Knight et al. 2001; Harrison and Charlesworth 2011) . Singer and Hickey (2000) has demonstrated correlation between the nucleotide composition and amino acid composition in 21 completely sequenced archaeal and eubacterial genomes. It was hypothesized that GC content has an effect on codon usage and that the correlation between GC content and amino acid or codon usage is modulated by both mutation and selection pressure (Knight et al. 2001) . The variation of G3C3 (content of G ? C at third codon positions) along the coding sequences was initially determined by sliding window analyses of a group of phage and bacterial genes (Wada and Suyama 1985) . Bharanidharan et al. (2004) noticed that proteins encoded by G ? C rich genomes contain a greater proportion of the GARP amino acids and codons used are G ? C rich. Similarly, the G ? C poor genomes codes mostly FYMINK group of amino acids and possess A ? T rich codons. There are plenty of reports available about the genome variability and its effect on codon usage and subsequent amino acid composition of protein in bacteria as well as mammals, however, similar studies are severely lacking for cyanobacteria (Kannaujiya et al. 2014) . Cyanobacteria show variation in G ? C constituents similar to other bacterial systems. The genetic codes are degenerative and except Met and Trp, all other amino acids have more than one codon. Synonymous codons are often used with different frequencies both within and among genomes (Grantham et al. 1980; Lloyd and Sharp 1992) . Several studies have reported that codon usage in various organisms is influenced by factors such as compositional constraints and translational selection (Sharp and Li 1986a, b; Chen et al. 2013) . Previous studies suggest that the nucleotide composition of the genes have an effect on protein evolution (Singer and Hickey 2000) . Studies of synonymous codon usage are much needed for improving our knowledge of the mechanism(s) underlying behind synonymous codon usage bias (Powell and Moriyama 1997) . Furthermore, information obtained from such studies can be useful in selection of an appropriate host for heterogenous protein expression study (Powell and Moriyama 1997; Zheng et al. 2007) , in designing degenerate primers (Zhou et al. 2005) , in prediction of genes from nucleotide sequences (Salamov and Solovyev 2000) and functional classification of proteins (Lin et al. 2002) . The information obtained from codon usage study could provide inputs on level of genes expression, evolution of the genes and genomes and could be also utilized to enhance the immunogenicity of vaccines (Crameri et al. 1996) . Evolutionary studies conducted by Hooper and Berg (2000) confirms that the pattern of codon usage varies within a single gene, between the genes, as well as in genomes, which collectively suggests that there is a proper balance between biases generated by mutation, random genetic drift and natural selection (Lobo et al. 2006; Qi et al. 2015) . Cyanobacteria are Gram-negative photoautotrophic organisms having wide range of proteins involved in repair mechanism(s) of damages caused by various environmental factors, including ultraviolet radiation (UVR; 280-400 nm) (Sinha et al. 1995; Sinha and Häder 2002; Richa et al. 2011) .
UVR has the ability to induce inflammation, oxidative stress, free radical production, sunburn, DNA damage and skin cancer (Afaq et al. 2005; Bickers and Athar 2006; Halliday and Lyons 2008; Timares et al. 2008) . DNA of all living organism residing on Earth is susceptible to UV-B (280-315 nm) due to its inductive effect on formation of pyrimidine dimers in genome. UV-induced DNA damage results in cis-syn cyclobutane pyrimidine dimers (CPDs), pyrimidine pyrimidone (6-4) photoproducts, and dewar isomers (Batista et al. 2009; Rastogi et al. 2010) . Photoreactivation is one of the unique mechanisms found in cyanobacteria which reverse UV-induced photo-adducts into their normal state in presence of blue light. The process of photoreactivation is carried out by family of DNA repair enzyme called photolyase (Sinha and Häder 2002) . Three types of photolyases have been identified in various organisms: CPD (cyclobutane pyrimidine dimers) photolyase repair cyclobutane pyrimidine dimers, (6-4) photolyases repair (6-4) pyrimidine pyrimidone, and cryptochrome-DASHs exhibit a variety of physiological functions including single-strand DNA photolyase activity (Selby and Sancar 2006; Essen and Klar 2006) . Thus, photolyases are very critical enzymes for the survival of photoautotrophic organisms, including cyanobacteria.
In this study, we conducted codon usage bias analysis of photolyase encoding genes from cyanobacteria inhabiting different ecological habitats, and further elucidated if mutation or selection pressure has predominant effect on shaping the codon usage pattern in photolyase encoding genes. We also explored the photolyases of cyanobacteria by studying the amino acid variation within and among different species from three different habitats.
Materials and methods

Data collection and analysis
The nucleotide and amino acid sequence of photolyase from different cyanobacterial species were obtained from NCBI database. For this study, cyanobacterial species from three different habitats, i.e., hot springs, fresh water and marine water, were selected. The information about locus region, accession number, total nucleotide and protein length has been given in Table 1 . The percentage composition of amino acids was calculated by protein specific tools (http:// www.ebi.ac.uk/Tools/seqstats/emboss_pepstats/). The percentage G ? C composition was obtained using bioinformatics tools (http://www.genomicsplace.com/cgi-bin/gc_ calculator.pl). CAIcal server (http://genomes.urv.es/CAIcal/) was used to calculate the uses of codon, relative synonymous codon usage (RSCU), codon adaptation index (CAI), effective numbers of codon (Nc) and G ? C percentage.
Sequence analysis
The graph of the photolyase encoding gene was plotted on an average basis separately to determine the amino acid variability using Sigma Plot 11.0. The cause of respective amino acid variability was found out from nucleotide variability by checking the total G ? C and A ? T composition. The variability in G ? C bias was determined from all synonymous codon substitutions as G1 ? C1, G2 ? C2 and G3 ? C3 through correlation and regression analysis. Codon variability in G1 ? C1, G2 ? C2 and G3 ? C3 bias was identified by online tools mentioned above. Termination codons were excluded for all analysis.
Principal component analysis (PCA)
Principal component analysis (PCA) was performed using the software XLSTAT. PCA is a multivariate statistical analysis for simplifying the multidimensional information of the data matrix into a two-dimensional map (Morrison 1990 ).
Statistical analysis
The variations in G ? C content and amino acid composition of the photolyase encoding genes were tested statistically through correlation and regression analysis. This analytical test was done for each position of codons from G1 ? C1, G2 ? C2 and G3 ? C3. A one-way analysis of variance was applied to confirm the significance of data according to Duncan's multiple comparison tests at p \ 0.05. Microsoft excel 2007 and Sigma Plot 11.0 version were used for all statistical analysis.
Results
Amino acid variability in photolyase
The average composition of amino acids in photolyases from studied organisms has been shown in Fig. 1 . Cyanobacterial Table 1 The cyanobacterial species with their Locus/accession number and gene/protein length that were used in this study Sp. ID Primary locus (accession no.) gene/protein length photolyase enzyme from three different habitats showed lower occurrence of Cys, His, Met, Lys, Asn and Tyr. Moreover, the low percentage is constant in all photolyases as indicated by the low value of the standard deviation. Clearly, the scarcity of formation of disulphide bridges by Cys residue is associated with its low occurrence (Bharanidharan et al. 2004) . Met is principally an initiation amino acid, which justifies its low percentage (Kreil and Ouzounis 2001) . However, abundance of non-polar amino acids such as Ala, Leu, Gly, Pro and polar amino acids such as Arg, Gln and Glu was found in all studied cyanobacteria. Ala and Leu were found to be the most abundant amino acids in photolyases of cyanobacteria.
Nucleotide content analysis of photolyase encoding genes
To find out possible means of variability in amino acid constituents, differences in G ? C percentage were analyzed in the genome of all studied cyanobacteria. The genomic GC content of fresh water cyanobacteria varies from 38 to 55.5%. In hot spring species, genomic GC content was found to be 45-60.20%. However, GC content varies from 34 to 61.4% in genome of marine cyanobacteria. The GC content of photolyase encoding genes in fresh water cyanobacteria varies from 36 to 58.60% ( Fig. 2a ) and in hot spring cyanobacteria GC content was 41-65% ( Fig. 2b) , while in marine cyanobacteria GC content was 30-64% ( Fig. 2c) . Overall, the significant variability in GC constituent was found in all photolyase encoding genes of studied cyanobacteria but maximum variation was found in marine cyanobacteria followed by hot spring and fresh water cyanobacteria.
Correlation and regression analysis of GpC codon level in photolyase encoding genes
All codon positions with G ? C variability such as G1 ? C1, G2 ? C2 and G3 ? C3 are shown in Fig. 3 , and change in slopes and correlation coefficients are shown in Table 2 . In photolyase encoding genes of fresh water cyanobacteria, the third nucleotide position bias (G3 ? C3) was found to be higher (slope = 2.303) than the first (G1 ? C1, slope = 0.935) and second position (G2 ? C2, slope = 2.020). In hot spring cyanobacteria, the nucleotide bias at G3 ? C3 (slope = 1.559) was also found to be higher than G2 ? C2 position (slope = 0.438) but lower than G1 ? C1 position (slope = 2.229). In marine cyanobacteria the nucleotide bias at G3 ? C3 (slope = 1.395) was also found to be higher than G2 ? C2 position (slope = 0.716) but lower than G1 ? C1 position (slope = 1.560). Thus, collectively these results suggest that nucleotide bias is higher at G3 ? C3 position of codons for cyanobacterial photolyases, irrespective of the ecological niches. 
Neutrality plot analysis
Neutrality plot analysis of the GC12 and G3C3 was conducted to quantify the extent of natural selection and mutation pressure in the codon usage pattern of photolyase encoding genes (Fig. 4) . In neutrality plots, when a notable correlation between GC12 and G3C3 exists and the slope of the regression line is near to 1, mutation bias is supposed to be the major force in shaping the codon usage.
Conversely, if there is no correlation between GC12 and G3C3 indicates natural selection which results in a narrow distribution of GC content (Sueoka 1988) . In our study, a significant positive correlation was found between GC12 and G3C3 (r = 0.825, p \ 0.05) ( Fig. 4a ) in fresh water cyanobacteria. A strong correlation between GC12 and G3C3 was observed in marine cyanobacteria (r = 0.959, p \ 0.01) and hot spring cyanobacteria (r = 0.925, p \ 0.01) (Fig. 4b, c ). This strong correlation suggests that mutational pressure has acted on codon usage bias in photolyase encoding genes of studied cyanobacteria. The G3C3 value of cyanobacteria inhabiting fresh water, marine and hot spring habitats was found to be 48-67, 36.69-76.99 and 52.72-79.12%, respectively, which further suggest that mutational pressure dominates over natural selection in codon usage pattern of cyanobacterial photolyases (Wei et al. 2014) .
Gene expression level of photolyase encoding genes
Previous findings showed significant correlation between CAI and Nc in Taenia saginata (Yang et al. 2014) , Haemophilus influenzae (Supriyo et al. 2014) , Herbaceous Peony (Wu et al. 2015) and transcription factor gene GATA2 from mammals (Mazumder et al. 2016 ). These imply gene expression level plays an important role in shaping the codon usage bias or vice versa. The expression level of photolyase encoding genes assessed by CAI. For fresh water cyanobacteria it ranges from 0.53 to 0.59 with mean value 0.55 and standard deviation of 0.021. In marine habitat cyanobacteria value ranges from 0.55 to 0.73 with mean 0.61 and standard deviation of 0.07, while in hot spring it ranges from 0.49 to 0.71 with mean 0.62 and standard deviation of 0.07. Further, we conducted correlation analysis between N C and CAI (Table 3) . No correlation was found between two factors in fresh water and marine cyanobacteria, however, strong negative correlation was observed in hot spring cyanobacteria (r = -0.952, p \ 0.01). These findings suggest that the expression of photolyase encoding genes in cyanobacteria inhabiting fresh water and marine habitats is not affected by the codon bias pattern. Similar findings have been reported for enterovirus (Ma et al. 2014) and for cytochrome P450 genes which are associated with coronary artery disease in human (Malakar et al. 2016 ). However, the expressions of photolyase encoding genes in hot spring cyanobacteria were found to be affected by pattern of codon bias.
Correlation between G1 1 C1 codon and their respective amino acids
The guanine and cytosine at the first position (G1 ? C1) encode 10 amino acids using thirty-two associated codons. Ala is encoded by all four codons GCT, GCC, GCA and GCG. Codons GCT, GCC and GCG showed high codon usage in photolyase encoding genes of fresh water cyanobacteria while GCA was least used codon ( Fig. 5 ). However, in hot spring cyanobacteria, GCC and GCG codons showed higher usage in comparison to GCT and GCA codons. In marine habitat except GCA, codons GCT, GCC, and GCG were found to be highly utilized. In case of Leu, the CTG codon is mainly used, while CTT and CTC codons showed equal usage contrary to CTA, which is least used codon in photolyase encoding genes of all cyanobacteria. CTG and CTC were found to be most utilized codons, whereas CTT is equally utilized and CTA is least utilized codon in members of marine and hot spring cyanobacteria. For Gln, codon CAG was more preferred than CAA in hot spring and marine cyanobacteria, whereas CAA was more preferred codon in fresh water cyanobacteria. In case of Arg, codons CGC and CGG showed higher usage than CGT and CGA in all studied cyanobacteria. GGT, GGC and GGG codons for Gly showed higher utilization in comparison to GGA in fresh water habitat. However, higher usage of GGT and GGC codons, and GGC and GGG codons for Gly were found to be in marine and hot spring cyanobacteria, respectively. In fresh water cyanobacteria, all codons for Val are utilized equally while in hot spring and marine habitats codon usage of GTC and GTG codons is higher than GTT and GTA. In fresh water cyanobacteria, codon CCA is more frequently utilized than other codons for Pro, while in marine habitat codons CCG and CCC are frequently utilized. In hot spring cyanobacteria CCC and CCA codons are highly utilized for Pro amino acid in photolyase. The codon GAC for Asp is predominantly utilized by fresh water cyanobacteria while codons GAT and GAC are equally utilized in marine and hot spring cyanobacteria. In marine and hot spring cyanobacteria, codons CAT and CAC are equally utilized while in fresh water cyanobacteria codon CAT is preferentially utilized over CAC. The codon usage for Glu was more or less similar in three habitats. Thus, a higher degree of variation in codon usage was observed in photolyases of cyanobacteria from different habitats, and G1 ? C1 provided the first stage of codon variability in terms of their amino acid composition.
Correlation between G2 1 C2 codon and respective amino acids
The second position of guanine and cytosine (G2 ? C2) associated with 8 amino acids is translated from 31 codons Fig. 6 ). Contrary to G1 ? C1, the G2 ? C2 codons were found to be slightly rich in cytosine than guanine residue in all studied cyanobacteria. For Ser, codon TCA was least utilized, however, codons TCT, TCG and TCC were equally utilized in three habitats. For Gly, all codons (GGT, GGG and GGC) except GGA showed higher usage in fresh water cyanobacteria. However, in hot spring cyanobacteria, codons GGC and GGG were highly utilized and codons GGC and GGT were frequently utilized in marine cyanobacteria. The usage of codons CGC and CGG for Arg was high in fresh water cyanobacteria while other codons were equally utilized. The usage of CGC and CGG was higher in hot springs and marine cyanobacteria than fresh water cyanobacteria. In Ala, all codons except GCA were equally utilized in all habitats. ACT and ACC show higher usage in the fresh water cyanobacteria for amino acid Thr, while ACC is frequently used in marine and hot spring cyanobacteria. Fresh water and hot spring cyanobacteria frequently utilize CCC and CCA codons for Pro, whereas marine cyanobacteria showed higher usage of CCA and CCG codons for the same amino acid. Codons TGT and TGC showed equal usage for Cys in fresh water cyanobacteria, while in marine and hot spring cyanobacteria TGC is frequently utilized.
Correlation between G3 1 C3 codon and respective amino acids
The third nucleotide position of codon was found to play a crucial role in the variation of total amino acids with specific codons. G3 ? C3 position is associated with all 20 amino acid translated from 31 codons (Fig. 7) . The codons TTC (Phe), ATC (Ile), AGC (Ser), GCC (Ala), GGC (Gly), TGC (Cys) and TTG (Leu) showed high usage, while codons TCC and TCG (Ser), CAC (His), GTG (Val), GAC (Asp), AAG (Lys), ACG (Thr) and AGG (Arg) were least utilized. However, CTC (Lys), GTC (Val), GCG (Ala), AAC (Asn), and CAG (Gln) were moderately utilized codons in photolyase encoding gene of fresh water cyanobacteria. In marine habitat, codons CAG (Gln), CTG (Leu), GAG (Glu), GCC (Ala), GGC (Gly), CGC (Arg) and CCG (Pro) have higher usage, while CCC (Pro), CGC (Ala), GGG (Gly), TTG (Leu) and AAG (Lys) were moderately utilized codons. AGG (Lys), TCG (Ser), TAC (Tyr) are least utilized codons in marine habitat. In hot spring cyanobacteria, CTG (Lys), GGC (Gly), CAG (Gln), GCC (Ala) and GAG (Glu) codons showed higher usage, while ATG (Met), TAC (Tyr) and AAC (Asn) were moderately utilized codons. AGG (Arg), ACG (Thr), TCG (Ser) and AAG (Lys) codons showed least usage in hot spring cyanobacteria.
Preferential codon usage
The RSCU values of all 59 sense codons in cyanobacteria from different habitats are shown in Tables 4, 5 and 6. Twenty-eight codons including TTG, CCA, AGC and CGC were found to be highly utilized in photolyase encoding genes of fresh water cyanobacteria. More than half of frequently used codons (17/28) ended with G or C at their third position. Twenty-three codons, including CTG, AGC, ACC and CGC were frequently used codons in marine cyanobacteria. More than 80% (19/23) of the frequently used codons ended with G or C at their third position. In hot spring cyanobacteria, 26 codons including AGC, CGC, CTG, GGC, TTG and ACC were found to be highly utilized and more than three-fourth (22/26) of frequently used codons ended with G or C. These results suggest that nucleotides composition of an organism could also play an important role in determining the codon usage pattern, i.e., 
Principal component analysis
To study the relative contribution of two major factors, i.e., natural selection and mutational pressure on codon usage, we performed PCA analysis taking RSCU scores to find out major trends of codon usage in photolyase encoding genes of cyanobacteria. A plot of F1 and F2 showed important features of the pattern of codon usage in photolyase encoding genes of cyanobacteria from different habitats (Fig. 8 ). From this analysis major trends in codon usages were detected in which axis (F1) accounted for 36.28%, whereas axis (F2) accounted for 27.47% of total variation in fresh water cyanobacteria (Fig. 8a) . In marine cyanobacteria axis (F1) accounted for 47.45% and axis (F2) accounted for 26.15% (Fig. 8b) , whereas in hot spring cyanobacteria axis (F1) accounted for 39.95% and axis (F2) accounted for 23.99% (Fig. 8c) . It was clearly seen that in fresh water cyanobacteria CGC, CCC, CTG, CAA, CGG, AAG, GGA and TTT were oriented most distantly on the positive axis ranging from 0.945 to 0.832. However, CCA, GCG, AAA, TTC, CCT, GAT and TCT ranges from -0.928 to -0.800 on negative axis. Other codons such as GCA, TGC, CTG, AAT, AAC, CGT AAG and ATA were positioned far away from the origin. In marine cyanobacteria, codons AGG, ATA, CAT, AAA, CCA, ACT, TCT, GGA, GGC, GAA, GTA and GGG were most distantly The codons displayed in bold are preferred AA amino acid placed on the positive axis ranging from 0.995 to 0.808, whereas CAC, AAG, GTG, CGC, GAG, CCC, ATC, CTG and CCG were placed most distantly on the negative axis ranging from -0.978 to -0.783. Codons such as CCG, AGC, GTT, TTG and GCC were placed far away from the origin. In hot spring cyanobacteria, codons CGT, ACA, ATA, AAT, CCA, AAA, TAT and GAC were placed most distantly (0.945-0.831) on positive axis. On negative axis, AGG, CTA, AAG, TAC, CGC, CGG, GAT, and GCC (0.960 to -0.822) were distantly placed while codons such as CTG, ATC, GTC, GTG, TCA, CCC, ACT, ACC and GGA were also placed distantly from origin. These findings suggest that genomic GC content has a profound effect in separating the genes along the first main axis according to their RSCU values.
Discussion
The relationship between variability of amino acid composition and nucleotide bias is a new area of research in cyanobacterial genomics. In this study, we analyzed first, second and third position of codon, and differences in codon usage for amino acids in photolyase encoding genes of cyanobacteria inhabiting three different habitats. There was abundance of codons enriched with G or C at third position which showed higher usage in comparison to codons with G or C at first and second position. Codon usage analysis confirmed that codons with G or C at third position are preferred in photolyase encoding genes of cyanobacteria. To explore the level of variation in GC content and amino acids along with codon usage pattern, the codons of all 20 standard amino acids were determined. Results showed that G3 ? C3 codes 31 codons and 20 amino acids while G2 ? C2 and G1 ? C1 were found to code for 10 and 8 amino acids, respectively. The third position of a codon is considered as the most likely position to reflect the genome base composition which is different in different organisms (Chen et al. 2013 ). Bharanidharan et al. (2004) observed that amino acid composition is decided by the nucleotide frequency to a great extent; however, the amino acid composition of the proteome is not decided entirely by nucleotide frequency due to the effect of selection pressure. Therefore, changes in compositions may be one facet of the wider degeneracy seen in biological systems (Edelman and Gally 2001) . Previous studies performed on large number of divergent species showed that there are several factors influencing the patterns of synonymous codon usage bias in various organisms (Ingvarsson 2008; Pouwels and Leunissen 1994; Sharp and Li 1986a, b) . The balance of genomic compositional mutation, genetic drift and natural selection are the major contributors for variation in codon usage that affect gene translation. However, analysis of nine cyanobacteria showed that genetic drift is a weak evolutionary force in these organisms (Yu et al. 2012 ). Genome-wide directional mutation, especially change in GC content, has profound impact on codon usage in addition to the selection pressure, acting on highly expressed genes (Sueoka 1988) . Codon usage analysis in Schistosoma mansoni suggested that codon usage bias is dependent on the base composition of gene (Ellis et al. 1995; Milhon and Tracy 1995; Musto et al. 1999) . In bacteria, high levels of GC content were found to be positively correlated with amino acids (GARP), while negatively correlated with amino acids (FYMINK) observed in low GC levels (Banerjee et al. 2005) . In this study, the abundance of GARP was found. Recently, Malakar et al. (2016) showed that mutational pressure and natural 
The codons displayed in bold are preferred AA amino acid selection could be the main factors accounting for codon usage bias in cytochrome P450 (CYP) genes. In Actinobacteria, mutation is a main driving force than natural selection for extreme GC content and codon bias (Lal et al. 2016) . In this study, mutational pressure was found to be the main driver of codon bias in photolyase encoding genes of cyanobacteria. However, only a few reports are available on effect of GC variation on codon usage in cyanobacteria. GC correlation and regression analysis was performed at G1 ? C1, G2 ? C2 and G3 ? C3 levels. In photolyase encoding genes from fresh water habitat cyanobacteria, G1 ? C1 and G2 ? C2 slopes were found lower with higher p value indicating very low interspecies variation, whereas G3 ? C3 slope was higher with lower p value indicating the highest interspecies variation. While in marine and hot spring cyanobacteria, G1 ? C1 have higher slope value with higher p value. But G3 ? C3 slope was slightly lower than G1 ? C1 with low p value. Similar finding was reported by Kannaujiya et al. (2014) for phycobiliproteins encoding genes of cyanobacteria while in case of RecA gene of cyanobacteria no significant correlation and lower slope value was observed (data not shown). Moreover, the correlation between GC1, GC2 and GC3 can provide assumption variability that comes mainly from mutation pressure; however, unavailability of correlation signifies that translational selection of codons is the main cause of amino acid variation (Nair et al. 2013; Sueoka 1988 ). However, Naya et al. (2001) reported that natural selection shapes codon usage in GC-rich genome of a green alga Chlamydomonas reinhardtii, and G3C3 is the main factor which determines codon bias in different genes of this organism. Similar findings were reported from genome of various unicellular organisms (Wan et al. 2004 ).
On the basis of RSCU scores, relative abundance of occurrence for each codon was identified, and it was found that the mostly used codons have G/C-ending in comparison to A/T-ending. Furthermore, 'C' ending codons were preferred over codons ending with 'G'. Similar findings were reported for different genes in mammalian species (Dass and Sudandiradoss 2012; Mazumder et al. 2016) . Similar trends were observed for phycobiliproteins encoding genes in cyanobacteria (Kannaujiya et al. 2014 ), however, RecA encoding genes in cyanobacterial species possess lower frequency of G/C-ending codons (data not shown). Previous studies also reported positive correlation between G3C3, overall GC and synonymous codon usage order (SCUO) (Duan et al. 2015) . Multivariate analysis of RSCU explained the major trend in photolyase encoding genes. In fresh water habitat, most of the codons showed bias effect on guanine and cytosine at the third codon position on positive axis, while in marine and hot spring habitat the codons showed biased effect on guanine and cytosine at the third codon position on negative axis.
Conclusions
This study provides novel insights into the codon usages bias of photolyase encoding genes in different cyanobacteria. This has relevance in expression study of photolyase encoding genes in other organisms. Detailed analysis of photolyase encoding genes reveals that G3C3 content can affect codon usage bias in cyanobacteria. 'C' ending codons were more preferred in all studied cyanobacteria. This study reveals that GC mutational bias influence the codon usage of photolyase encoding genes in all studied cyanobacteria. Photolyases are important for cosmetic industry as addition of photolyase containing liposome (EC Fig. 8 continued  4 .1.99.3) to traditional sunscreen was found to significantly reduce the UV-induced damage of human skin by significantly reducing the pyrimidine dimers Stege et al. 2000) . Thus, information obtained from this study could be further utilized for commercial/laboratory scale production of cyanobacterial photolyases for their structural studies and/or for the development of new class of sunscreens.
